Abstract-Double-ridged horn antennas were used in ultra wideband radar system to create microwave radiation images. The images were obtained using inverse synthetic aperture radar technique. Transfer function of the calibrated radar system was close to one up to 22 GHz. High quality images of metallic and organic objects were created due to unique characteristic of ultra wideband radiated pulse. Metallic objects covered by visually opaque obstacles became detectable. The components of measurement set-up and the data processing are both important for the formation of these images.
I. INTRODUCTION
The ability of microwave radiation to penetrate through a dielectric medium and atmosphere as well as better noise characteristics of receivers in this range compared with the infrared ones currently determines more intensive application of the microwaves for imaging [1] - [4] . Devices of microwave imaging find wide application in material characterization, in detection of hidden objects behind opaque materials and can serve as a powerful instrument in security systems.
The microwave imaging is achieved by using ultra wideband (UWB) radar system. Unique characteristics of the UWB microwave signal make it suitable for application in radar systems with high spatial resolution and obstacle penetration capabilities. The UWB signal is usually characterized by signal index . In this work, index  represents relative frequency band and is expressed by
where fup, flow are the highest and the lowest frequencies of the signal spectrum, respectively. Signals with  < 0.01 belong to the narrow band, condition 0.01 <  < 0.25 is attributed to the wide band, and the signals with 0.25   < 1 belong to the UWB signals [5] .
In synthetic aperture radar (SAR) technique, the radar placed on a flying aircraft illuminates the standing object many times. Subsequent processing makes it equivalent to illumination of the object once but with longer synthesized aperture [6] . On the other hand, during the inverse synthetic aperture radar (ISAR) imaging the object is moving and the radar is stationary. ISAR measurements are usually used for radar imaging algorithm analysis and evaluation of object's reflection characteristics [7] . Recent creations of super wideband antennas and wideband digitized oscilloscopes have made the investigations of UWB signals easier. Both theoretical studies [8] and experimental research [9] keep uncovered new types of UWB signals. As it follows from analysis of the reviewed papers, the fup of the UWB signals in the most cases was limited by the used experimental equipment, and therefore recent creation of digitized oscilloscopes, having passband up to 50 GHz, can reveal some unknown features of UWB signals.
In the UWB radar system we use modified double-ridged horn antennas [10] . Despite their sizes and narrow directional pattern their use in our radar system is preferred because they form UWB electromagnetic signal that remains irreplaceable for certain practical applications.
II. THEORETICAL BACKGROUND
ISAR image can be derived from electromagnetic plane wave integral -reflections from each point in the far field
and in the near field 
where D is the biggest dimension of an object,  is the shortest wavelength. Formula (2) is Fourier transformation, so this integral can be inverted, and we get ISAR image integral
Our measurements were performed in polar coordinates and the image was conveniently drawn in Cartesian coordinates
Here we used polar coordinates by Jacobian   d .
This integral can be integrated simply by  considered it as
Fourier integral. Digital signal filtration should be used in systems working within band 1 GHz-26 GHz, and finally we get image formula
where )
-is electric field filtered with  filter at the angles  in the range of (0-360) degrees.
In the case of near-field, the final formula includes the distance to an object R
This integral can be transformed to summation using effective computational algorithms [11] .
For ISAR imaging it was used improved near-field algorithm modified for time domain signals. It allows to avoid ghost artifacts that appear when far-field algorithm is employed for the same purpose.
III. EXPERIMENTAL SETUP
Our measurements of ISAR image creation were carried out by using UWB radar system inside a room where the ghost effects are possible. The scheme of the system together with the investigated object placed on the positioner is presented in Fig. 1 .
The system includes generator 1 with short pulse former 2, the wideband transmitting 4 and receiving 7 double-ridged horns. The investigated object is placed on a rotating positioner 5. Part of the short pulse through directional coupler 3 as well as electrical signal from the horn 7 are fed to sampling head 8 and processed by sampling convertor 9. Useful information is sent to computer 14 through USB channel for further processing.
The distance between the antennas and the object was about 4 m. The duration of the elementary measurement was about 3 ns while the rotation period of the positioner is 3 minutes. Fig . 1 . Schematic diagram of indoor ISAR radar system measurements. 1 -pulse generator; 2 -short pulse former; 3 -directional coupler; 4 -the wideband transmitting horn; 5 -object under test; 6 -UWB pulse scattering from the object; 7 -the wideband receiving horn; 8 -sampling head; 9 -sampling converter; 10 -positioner control unit; 11 -parasitic reflection pulse; 12 -room wall; 13 -USB channel; 14 -computer with monitor.
The system works as follows. The pulse former of the generator forms short electrical pulse. Its spectrum and oscillogram are presented in Fig. 2 . ISAR image is radar cross section (RCS) density image. Therefore calibration is necessary for correction of errors influenced by the system equipment. A well-known analytical solution of simple object like metal sphere was used for calibration [12] . Using the optimal filtration formula gives the calibrated electric field as
where F(jω) is the spectrum of the pulse reflected from the target. FT (jω) is theoretical frequency response, the square root of RCS of the calibration object (conducting sphere). FK (jω) is the spectrum of the pulse reflected from the calibration target and α is optimal parameter empirically chosen to maximize signal to noise ratio. The following steps were taken to perform the procedure of calibration. First, theoretical frequency response of the 5 cm diameter sphere was calculated. Then, using the UWB system the spectrum of the impulse reflected from the sphere was measured. Next, we obtained a relation of these two frequency dependencies. Finally, as it is presented in Fig. 4 , the transfer function of the system after the calibration is obtained. It is close to one up to 22 GHz.
The imaging signal is reflected from the rotating object and is detected periodically with a step of 1 degree (see Fig. 1 ). Figure 5 presents two spectra and two oscillograms corresponding to signals received from the object at two different angles. Reflection significantly decreases the voltage of the received signals but, however, the UWB characterization remains unchanged. Sinogram, i.e. the signals detected at all angles, is presented in Fig. 6 . The vertical axis represents the duration of received pulses.
IV. THE IMAGES OBTAINED USING THE SYSTEM
To obtain high quality images with high resolution, the electromagnetic pulse envelope width (defined as width of analytic envelope at half maximum) should not exceed few hundred ps. That is confirmed for our system. As one can see from Fig. 3 , the spectral frequency range at -20 dB of the radiated UWB signal is about 26 GHz which corresponds to the upper frequency of the sampling converter.
In Fig. 7 it is presented the image of metalized model plane obtained when testing the ISAR imaging system. Microwave radiation is readily transmitted through most non-metallic media, thus enabling the microwave systems to "see" through concealing barriers such as packaging, wood, cardboard, clothing and others. Thus microwave systems can be used for detection and identification of concealed materials. Figure 8 shows image of a spanner placed behind a wooden 4 cm-thick door. As one can see the object is easily identifiable.
It is known [13] that the spatial resolution improves by using shorter radiation wavelengths. For identification of small concealed objects the terahertz imaging is often used [13] , [14] . Such terahertz radiation is strongly absorbed by water, so for detection of organic materials and passing moist barriers the microwave imaging is far more efficient. ISAR image of an apple is presented in Fig. 9 . The structure of the apple depicted sufficiently well, with the distinguishable heart and peel. In practical applications the important characteristics are radiated power and sensitivity of receiver. Changing these two to fit required conditions is not complex in the case of microwaves, unlike the terahertz case which requires receiver cooling to increase the sensitivity and increasing of power level is complicated too. The cost of these imaging system components should be considered when mass production is of importance, in which case microwave imaging also becomes preferable.
The horn is excited by electrical pulse and radiates an EM pulse that is enriched by high frequency harmonics. This EM pulse spans into the frequency region which is higher than horn upper passband frequency determined by rigorous criteria. The received EM pulse has a shape of the differentiated exciting pulse (see insert in Fig. 3 ). This means that usage of radar components with shorter feeding pulse and receiver with higher upper frequency will make it possible to increase microwave spectra of such radar system with double-ridged horns up to 40 GHz-50 GHz. Wide band horns continue to be improved using both resistive layers and even meta materials [15] , [16] .
V. CONCLUSIONS
UWB pulses let overcome a lot of measurement problems: signal leakage through antennas, occasional reflection from the room walls and ceilings. Use of wideband double-ridged horns in UWB radar system allows to obtain high resolution images of different metallic and organic objects as well as of objects placed behind various obstacles. The employed improved near-field algorithm assists in obtaining ISAR images of good quality. The process of image construction revealed that improvement of corresponding elements of the system, such as shortening of the forming pulse, widening of frequency band of the receiver horn and sampling converter, allows using microwave imaging in range having upper frequency 40 GHz-50 GHz.
